Asteroid 21 Lutetia was approached by the Rosetta spacecraft on 10 July 2010. The additional Doppler shift of the spacecraft radio signals imposed by 21 Lutetia's gravitational perturbation on the flyby trajectory were used to determine the mass of the asteroid. Calibrating and correcting for all Doppler contributions not associated with Lutetia, a least-squares fit to the residual frequency observations from 4 hours before to 6 hours after closest approach yields a mass of (1.700 T 0.017) × 10 18 kilograms. Using the volume model of Lutetia determined by the Rosetta Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) camera, the bulk density, an important parameter for clues to its composition and interior, is A steroid 21 Lutetia, discovered in 1852, is one of the larger main-belt asteroids. In 2004, it became the flyby target asteroid for the Rosetta spacecraft mission. An important characteristic of an asteroid is its bulk density, derived from its mass and its volume. Although there are a number of asteroid mass determination techniques, by far the most accurate is spacecraft tracking during a close flyby.
The velocity of a spacecraft flying by a body of sufficient size and at a sufficiently close distance is perturbed by the attracting force of that body. The perturbed velocity is estimated from the additional Doppler shift of the transmitted radio signal in comparison with the expected Doppler shift of an unperturbed trajectory (1) .
The Rosetta spacecraft was tracked during the flyby of asteroid 21 Lutetia on 10 July 2010 with NASA's Deep Space Network (DSN) 70-m antenna (DSS-63) near Madrid, Spain (2). The flyby distance was d = 3168 T 7.5 km, the high relative flyby velocity was v 0 = 14.99 km/s, and the projection angle between the relative velocity and the direction to Earth was a = 171.2°, all of which define the postencounter amplitude of the Doppler shift (3) .
After correcting for contributions not associated with 21 Lutetia (2), the final Doppler frequency shift 6 hours after Rosetta's closest approach to the asteroid was Df = 36.2 T 0.2 mHz (Fig. 1) . The value of GM (gravitational constant G × body mass M ) from a least-squares fitting procedure is GM = (11.34 T 0.11) × 10
corresponding to a mass of (1.700 T 0.017) × 10 18 kg (error, 1.0%). The uncertainty in GM (2) considers the error from the least-squares fit mainly driven by the frequency noise (0.55%), the uncertainty in the 21 Lutetia ephemeris introduced by the uncertainty in the flyby distance of T7.5 km (0.24%), and the considered uncertainty in the tropospheric correction introduced by the zenith delay model and the mapping function of the ground station elevation (0.8%). These contributions yield a total uncertainty of 1.0%. The values for GM and Df agree within the error with the analytical solution (3). The derived mass is lower than other mass determinations of Lutetia from astrometry ( fig. S7) .
One of the most important global geophysical parameters-which provides clues to the origin, internal structure, and composition of 21 Lutetia-is its mean (bulk) density, derived from the mass and the volume. Observations of the Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) camera and ground observations using adaptive optics were combined to model the global shape. The derived volume is (5.0 T 0.4) × 10 14 m 3 (4) . The volume leads to a bulk density of (3.4 T 0.3) × 10 3 kg/m 3 . This high bulk density is unexpected in view of the low value of the measured mass. It is one of the highest bulk densities known for asteroids (5) . Assuming that Lutetia has a modest macroporosity of 12%, it would imply that the bulk density of its material constituents would exceed that of stony meteorites. Unless Lutetia has anomalously low porosity compared with other asteroids in its size range, its high density likely indicates a nonchondritic bulk composition enriched in high atomic number like iron. It may also be evidence for a partial differentiation of the asteroid body (6).
References and Notes Fig. 1 . Filtered and adjusted frequency residuals at X-band frequency from 4 hours before closest approach to 6 hours after closest approach. Two tracking gaps (light red shaded zones) are indicated from 5 min before closest approach to 45 min after closest approach as planned (7), and from 192 min to 218 min after closest approach when DSS 63 accidentally dropped the uplink. The red solid line is a least-squares fit to the data from which GM is determined.
of which are larger than Lutetia (8) . , comparable to a lunarlike powdery regolith. Spectral signatures of surface alteration, resulting from space weathering, seem to be missing. Lutetia is likely a remnant of the primordial planetesimal population, unaltered by differentiation processes and composed of chondritic materials of enstatitic or carbonaceous origin, dominated by iron-poor minerals that have not suffered aqueous alteration.
T he visible, InfraRed, and Thermal Imaging Spectrometer (VIRTIS) on board the Rosetta spacecraft is an imaging and high-resolution spectrometer with two independent channels: VIRTIS-M, which acquires hyperspectral images in the spectral range from 0.25 to 5.1 mm with a spatial resolution of 250 mrad, and VIRTIS-H, a high-resolution infrared spectrometer in the 2-to 5-mm range with spectral resolution as high as 3000 (1-3).
VIRTIS-M obtained hyperspectral images of asteroid 21 Lutetia with spatial resolution varying between 12 km and less than 1 km, at closest approach. VIRTIS-H was operated throughout the flyby [supporting online material (SOM)]. Because of the orientation of the Lutetia spin axis, only about 50% of the surface has been imaged, ranging in latitude from the north pole down to the equator according to the OSIRIS shape model (4) .
VIRTIS observed Lutetia at zero phase angle (0.007°), located at northern latitude 16.0°and east longitude 358.3°. The measured radiance factor (I/F, where I is the calibrated radiance and F is the solar flux) at zero phase is 0.21 T 0.01 at 550 nm, consistent with the value measured by OSIRIS (5).
The full-disk spectra (Fig. 1) show a variability limited to within 3% shortward of 3.5 mm. Beyond 3.5 mm, the surface thermal emission becomes more and more relevant, and the spectral variations reflect the local time changes, from sunset to sunrise, and the corresponding surface temperature changes.
The VIRTIS-M spectra show no absorption features in the range from 0.5 to 2.5 mm to an rms level of less than 5% (Figs. 1 and 2 ), thus confirming previous disk-integrated ground-based observations (6, 7). Asteroid 21 Lutetia has a moderately red slope in the range of 0.5 to 0.8 mm, whereas in the region of 0.8 to 2.5 mm the spectrum is essentially flat. Both VIRTIS-M and VIRTIS-H consistently did not identify any spectral feature associated with OH absorptions. In particular, VIRTIS-H, within its calibration accuracy of 2%, did not identify hydrated minerals bands at 1.9, 2.7, and 3 mm, thus ruling out their presence on the explored surface (SOM). VIRTIS did not identify any spectral features associated with organic materials in the 3.3-to 3.6-mm range.
Analysis of the normalized spectral variation across the observed surface at highest resolution and over a wide range of phase angles shows a remarkable uniformity of the surface spectral properties, showing a maximum fluctuation of 3%. This implies that any albedo variation would be related to regolith transport and/or sorting processes rather than compositional variation (Fig. 3A) .
The region between 3.5 and 5.1 mm is dominated by the presence of the thermal emission of the asteroid's surface, from which we evaluated the surface temperature and the spectral emissivity. The temperature observed varied between 170 and 245 K, with a direct correlation of the temperature with topographic features and with maximum temperatures obtained for the smaller incidence angles on the left-hand side of the image (Fig. 3B) .
We have applied a thermophysical model of the heat conduction into the asteroid surface derived from cometary nucleus evolution models (8) . The model was used to fit the measured surface temperatures as a function of the density, specific heat, and thermal conductivity, assumed similar to those of a lunar regolith (9-11). A self-heating parameter (12) accounts for the contribution of unresolved topography and microroughness. Iteratively, we optimized the result- 
Flyby and Observation
The Rosetta spacecraft was tracked during the flyby at asteroid ( 
Frequency Prediction
The received carrier frequency from the actual flyby is compared with a carrier frequency prediction of a spacecraft motion unperturbed by the asteroid. This frequency prediction is based on a complex force model taking into account gravitational forces (9) The frequency prediction is routinely computed for radio science data processing on the Mars Express and Venus Express missions (12, 13). 
Frequency residuals
The frequency shift from the perturbed spacecraft motion caused by the attracting force of the asteroid is extracted from the frequency recorded in the ground station on Earth by subtracting the predicted unperturbed frequency. The difference between the observed perturbed and the predicted unperturbed Doppler shift is the raw frequency residual (Fig. S2a) . 
Tropospheric correction
The raw frequency residuals during the flyby contain a contribution caused by the propagation of the radio signal through the Earth's troposphere. The propagation is mainly affected by the temperature, the atmospheric pressure and the partial pressure of water vapor. These meteorological parameters are recorded at the ground station site and used for calibration.
The tropospheric refraction of the radio ray path in the Earth atmosphere consists of two components: i) the dry component, the non-water-vapor component of the atmosphere, and ii) the contribution of the highly variable water vapor content of the atmosphere (the so-called wet component). The correction for refraction in the Earth's atmosphere is calculated with models for the path delay and mapping functions which project the path delay onto the direction of the signal path for the wet and dry components.
The models for the dry component (14) , for the wet component (15) , and the straightforward mapping functions (16) were used to compute the tropospheric correction. The uncertainty in the wet component is much larger than that of the dry component.
The tropospheric correction is subtracted from the raw frequency residual (Fig.   S2a ) to obtain the tropospherically corrected residual (Fig. S2b) . The difference between three correction models (17) (18) (19) for the zenith delay and mapping functions was used to derive an systematic error estimate of the GM derivation. 
High Gain Antenna motion
The steerable High Gain Antenna (HGA) of the spacecraft maintained Earth pointing until five minutes before closest approach, at which time the end position of the HGA motion was reached. The readjustment of the HGA resulted in a tracking gap of 45 minutes, including the time of closest approach. Pre-encounter flyby simulations, however, showed that stable and precise solutions for the mass can be achieved even with tracking gaps of several hours (7) . While the Rosetta on-board instruments continued to track the asteroid, the HGA was articulated to reacquire Earth pointing. The varying HGA slew rates in azimuth and elevation ( Fig. S2c) induced an extra Doppler shift along the line-of-sight (LOS), which began to become significant at 15 minutes before closest approach.
The rotation of the steerable HGA during the flyby induced an additional frequency shift on the observed radio signal which needs to be removed. This is done by applying the LOS component of ∆v = ω x r, where r is the vector from the center of mass (COM) to the phase center of the antenna and ω the rotation rate of the antenna. Because the COM changed during the motion of the HGA, the location of the COM was adjusted during the fitting process.
To demonstrate this motion correction, we used a pre-planned HGA motion maneuver performed in 2004. The HGA was rotated from -95° to -23° in elevation with a maximum elevation rotation rate of 0.1°/sec and from -34° to 34°
in azimuth with a maximum azimuth rotation rate of 0.03°/sec (Fig. S3) . The maximum resulting frequency shift caused by the antenna rotation is about 300 mHz (Fig. S4) . The frequency shift caused by the antenna motion was corrected by by the asteroid between four hours before and six hours after closest approach. 
Filtering and adjustment
The frequency residuals in This approach avoids elimination of information in the data about the mass of the body and ensures that only noise is removed. The noise of the Lutetia flyby data was reduced in this step by more than a factor of two from 5.7 mHz to 2.6 mHz.
It is known from our experience with Mars Express and Venus Express radio science data processing that the frequency residuals can show a constant pre-event bias on the order of 10…50 mHz caused by contributions not considered in the prediction. In the Lutetia case, these contributions are not connected with the attracting force of the asteroid. The pre-encounter frequency residual bias of -32 mHz has been removed. This adjustment assumes a zero mean for the preencounter frequency residuals from t 0 -4 hours to t 0 -3 hours. The Hill sphere of influence of Lutetia (radius: 25,000 km) was entered at t 0 -0.5h.
Fit and uncertainty
A least squares fit to the filtered curve ( The mass and the other parameters were estimated with a weighted least-squares method. The initial velocity vector, the scale factor for the solar radiation pressure, The value of GM from the above described fitting procedure and considering further error sources is determined to be GM = (11.34 ± 0.11)⋅10 -2 km 3 s -2
corresponding to a mass of (1.700 ± 0.017)⋅10 18 kg (error: 1.0%). The uncertainty in GM considers the error from the least squares fit mainly driven by the frequency noise (0.55%), the uncertainty in the Lutetia closest approach time introduced by the uncertainty in the flyby distance of +/-7.5 km (0.24%) and the considered uncertainty in the tropospheric correction introduced by the mapping function of the ground station elevation (0.8%) yielding a total uncertainty of 1.0%.
The post-fit Doppler residuals, the difference observation minus the fit are shown in Fig. S6 . 
Comparison with other mass determinations
The mass estimate from the Rosetta flyby is compared in Fig. S7 with the asteroid masses derived from astrometry or perturbation calculations. The derived mass is lower than other mass determinations of Lutetia from astrometry (8, (23) (24) (25) . A The earlier derived values are systematically higher.
